Rectangular-to-elliptical shape-transition (REST) inlets are of interest for use on scramjet engines because they are efficient and integrate well with the forebody of a planar vehicle. The classic design technique by Smart for these inlets produces an efficient inlet but the complex three-dimensional viscous effects are only approximately included. Certain undesirable viscous features often occur in these inlets. In the present work, a design toolset has been developed which allows for rapid design of REST-class inlet geometries and the subsequent Navier-Stokes analysis of the inlet performance. This gives the designer feedback on the complex viscous effects at each design iteration. This new tool is applied to design an inlet for on-design operation at Mach 8. The tool allows for rapid investigation of design features that was previously not possible. The outcome is that the inlet shape can be modified to affect aspects of the flow field in a positive way. In one particular example, the boundary layer build-up on the bodyside of the inlet was reduced by 20% of the thickness associated with the classically designed inlet shape.
I. Introduction
Rectangular-to-elliptical shape transition (REST) inlets are a class of three-dimensional hypersonic inlet having the desirable feature of tight integration with a planar vehicle body. Integration with a planar forebody is desirable since the flow angle approaching the inlet is not affected by vehicle angle-of-attack. These quasi-streamline-traced inlets are efficient, and, by utilizing a shape transition, are able to connect to various combustor shapes. An example of a modular arrangement of three REST inlets is shown in Figure 1 . The classic design approach by Smart 1 for these inlets cannot fully account for the complex three-dimensional boundary layer phenomena -these viscous effects alter the inlet flow such that the high efficiency of the inviscid core flow is not fully realized. It is believed that using high-fidelity analysisin this case, Navier-Stokes computational fluid dynamics (CFD) calculations -early in the design process allows the inlet designer to better account for the viscous effects and, subsequently, to use this knowledge to improve the inlet performance. The classic REST inlet design method was first presented by Smart 1 in 1999. Smart demonstrated a method that utilized lofting of streamline-traced inlets to produce a shape-transitioning inlet. The streamline-tracing method is based on inviscid flow fields, and then the inlet surface is corrected (that is, enlarged) to account for boundary layer growth. One limitation of this design method is that it produces inlet geometries for only a restricted portion of the design space for this class of inlet. The procedure may be iterated by varying some input parameters, but the resulting surfaces are confined to a small portion of the design space as dictated by the nature of the method. For example, one problem that arises from this approach is that there is an unfavorable boundary layer roll-up that develops in the inlet. This undesirable flow feature can limit the back pressure capability and affect robust operation of the engine. To address this particular problem and other aspects of the inlet flow field, a means to alter the inlet surface that is divorced from the classic design procedure used to generate the surface is required. In this way, a larger portion of the design space is made available.
Recent work by Ferlemann and Gollan 2 has focused on developing tools that allow the inlet geometry to be manipulated in a parametric way that is meaningful from an inlet design perspective. Additionally, this new toolset provides a means to move rapidly from altering surface geometry to the generation of a volume grid ready for a Navier-Stokes CFD calculation.
This paper investigates the application of this advanced toolset for the design and analysis of REST-class hypersonic inlets. A special feature of this toolset is the use of high-fidelity analysis upfront, at the early stages of design. This has given new insights and a better appreciation for the complex REST inlet flow field. As the main focus of the paper, the toolset is exercised to design a REST inlet for use in a M 0 = 8 scramjet cruise application. The goal was to positively influence an inlet metric using the design toolset and compare to an inlet design based on the classic approach. In particular, the choice was made to reduce the thickness of the boundary layer on the inlet bodyside centerline before the isolator because an increased thickness can limit the ability of the inlet to withstand the combustor-induced pressure rise.
II. Design tool
Part of the difficulty of including high-fidelity analysis in the design process is the tedious and timeconsuming task of preparing grids for the CFD calculation. A large amount of effort has been, and continues to be, focused on automating as much of the grid generation for these REST-class inlet designs as possible. This allows the designer to spend time on design decisions rather than on the generation of grids. The sequence of steps in one design iteration includes: (1) specification of an inlet geometry, in parametric form; (2) preparation of surfaces from the parametrized geometry; (3) generation of a structured volume grid based on the surfaces; and (4) analysis of the inlet performance using Navier-Stokes CFD calculations.
Classic REST design method
In the sequence of steps above, the first step involves specifying an inlet geometry appropriate for the target design parameters. The classic REST design method is used to start the iterative design process. The classic design method is strongly tied to tracing through a specific compression field. This compression field is selected based on an inlet Mach number at on-design flight conditions. Thus, the resulting quasi-streamlinetraced inlet has characteristics which are appropriate for the design Mach number condition, such as turning angles and total contraction ratio. This is a very convenient starting point for specifying an inlet geometry compared to the designer trying to develop a set of angles and amount of geometric contraction. In other words, the classic REST design process captures aspects of the physics that are not included in the purely geometric parametric representation of the inlet surface.
The classic REST design method has been documented extensively by Smart.
1 Here a brief overview of the procedure is given. The design method begins with the specification of a compression field. The compression field should result in a target throat pressure based upon the on-design inflow conditions. It is also desirable to choose a compression field that is as efficient as possible, as the final design shape is trying to recover an inviscid core flow which is close to this initial compression field. Having chosen the compression field, various inlets are formed by tracing streamlines through the flow field. For example, one inlet is traced in the flow direction (downstream) from a specified rectangular-like capture shape which can be attached to a planar vehicle forebody. A second inlet is traced in the reverse direction (upstream) from an assumed throat location, using a specified throat shape; in this case, an ellipse. These inlet shapes are then blended using a lofting technique such that there is a shape transition from a rectangular-like capture shape down the length of the inlet to become an elliptical throat. In practice, additional streamline-traced inlets may be blended to control the inlet shape at various intermediate locations.
At this point, the design method has only considered the inviscid flow physics. The surface is then corrected for viscous effects. A boundary layer displacement thickness is computed using an approximate method. This thickness is added to the surface to enlarge it, and thus correct for the viscous effects of boundary layer growth. Finally, the surface is smoothed since the viscous correction gives rise to some uneveness.
Parametric geometry representation of the inlet surface
The inlet surface resulting from the classic design method is represented as a 'cloud of points'. To facilitate the remainder of the design and analysis process, it is desirable to have a parametric computer-aided design (CAD) geometry of the inlet. The Adaptive Modeling Language 3 (AML) is used to construct a parametric CAD geometry that represents the cloud of points defining the inlet. The parametric representation uses a series of curves to capture essential features of the inlet shape. An example of the parametric curves defining the inlet is shown in Figure 2 . The light gray curves in Figure 2 are auxiliary curves that are built by the system: they are not directly specified by the user. These curves form the basis of lofted surface patches, and these surface patches are stitched together to give a final surface shape. As part of the parametrization, some 'real-world' design parameters are introduced, such as a leading edge radius. An example surface is also shown in Figure 2 . A detailed description of how the parametric geometry is built is given by Ferlemann and Gollan.
2 The following steps describe how an AML module is used to build the inlet CAD geometry: (1) identify the edges which are sufficient to capture the geometric features of the inlet class; (2) extract a sufficient amount of information from the cloud of points to define the shape of some primary edges; (3) provide extra information (such as leading edge bluntness or isolator length) to generate edges which are not directly available from the cloud of points; (4) build auxiliary edges used in the surface patch definitions; and (5) generate surface patches and stitch them together to form a single surface. This stitching process of surface generation is automated; all that is required is an input file that defines the primary curves and some extra items of information, such as capture width, throat area and leading edge radius. The tool allows flexibility in the number and types of curves used to define edges so that shapes significantly different from the classic REST designs can be created. An initial input file can be generated from the classic design tool. For subsequent design modifications, the designer directly manipulates values in the input deck. The input deck parametrization was carefully chosen to be intuitive to the designer. As values are manipulated the designer gets instant visual feedback on the shape modifications via the geometry display.
Structured grid generation
A high-fidelity analysis for this design system is defined as solving the three-dimensional Navier-Stokes equations. The particular flow solver used is version 6.1.0 of VULCAN.
4, 5 VULCAN requires the use of structured grids. The structured volume grids for each design iteration are built using GridPro. 6 In the GridPro approach to grid generation, the human effort is focused on building an appropriate block topology for the solution volume. During the grid smoothing process, the grid solver projects the appropriate parts of the topology to the surface geometry and moves the topology corners as needed, hence the topology only needs to be developed once for a given "class" of geometry. The result is a body-fitted grid which strives to maintain relatively equal cell size and aspect ratio throughout the volume. This would be an appropriate grid for an inviscid calculation. The cell dimensions were roughly 0.01 of an inlet half-width. In order to use this grid for viscous calculations, GridPro provides a utility to cluster additional grid points to any surface. For example, in this work, the initial Euler grids have approximately 2.3 million cells. By contrast, after using the clustering utility, the grids for viscous cases have roughly 4.1 million cells. The GridPro utility was used to give a near wall spacing of 0.0127 mm. This corresponds to y + values of less than 2 for most of the model. Previous experience with REST inlet analysis has shown that this order of grid density is sufficient for design purposes.
As the surface changed between each design iteration, it was necessary to move some parts of the GridPro topology. Note, this did not involve starting from scratch at each iteration because the grid topology from a previous design iteration tended to be a good start for each subsequent design iteration. That being said, the manipulation of the wireframe topology remained the most human intensive task (30-60 minutes) in the preparation of structured grids for each design iteration. In the future, this task will also be automated.
In final preparation of the grid, 207 elemental blocks were merged into 13 superblocks. Furthermore, Gridgen 7 was used in a batch manner for some final tasks: re-orienting blocks, splitting blocks to divide laminar and turbulent regions, and splitting blocks for parallel processing. The total time to generate a new grid (excluding the grid for the initial case) was on the order of an hour.
Inlet flow field analysis
This section describes the modelling assumptions used to compute the flow fields for each of the design cases. The air was treated as thermally perfect and chemically frozen. The surface boundary condition was set as a no slip, isothermal wall at 400.0 K. A laminar flow assumption was applied up to the end of the sidewall leading edge. Beyond that point, for the remainder of the inlet flow, the k − ω model 8 was used to compute turbulent flow with wall-matching functions -this treatment uses wall-matching functions for large values of y + and blends towards integrating to the wall as y + approaches 1. Three levels of grid sequencing were used. There were 2000 iterations used at the lower grid resolutions and 6000 iterations for the finest resolution. The convergence of the solutions was determined by the error in mass flow rate across inflow and outflow boundaries. In the worst case, the error for mass flow rate was 0.09%. Typically, the mass flow rate error was less than 0.05%. This level of convergence was considered good enough for design analysis. The inviscid fluxes were computed using the Low Dissipation Flux Split Scheme 9 and each iteration was advanced using the Diagonalized Approximate Factorization solver. The second order flux reconstruction was turned on after 2000 iterations on the finest grid and this employed a smooth limiter. 10 In all cases, the incoming flow had no sideslip angle. As such, only half of the inlet geometry was solved by assuming symmetry along the central plane. The computations typically took a little under 15 hours of wall-clock time using 12 processors (3.0 GHz Intel Pentium) of a linux cluster. The solution time can be reduced if more processors were devoted to the simulations. For example, if 180 processors were used, the solution turn-around time would be less than an hour.
III. Design exercise
As a demonstration of the toolset for rapid design and analysis of REST-class inlets, an iterative design technique was used to improve certain metrics of the inlet performance. As a design point, vehicle cruise conditions at a Mach number, M 0 , of 8.0 and a dynamic pressure, q 0 , of 48 kPa were selected. The inlet was assumed to be attached to a forebody angled at 6 degrees (θ b = 6
• ), thus the inlet entrance conditions were taken behind the 6
• bow shock. These conditions are given as State 1 in Table 1 . A compression ratio of 20.6 was targetted for the inlet design which corresponds to a throat pressure of approximately 64 kPa. The throat area was fixed at 1.94 × 10 −3 m 2 (3 in 2 ) for each of the design cases. The total inlet length was not fixed; it varied slightly among cases but was approximately 1 m. In the following section, a baseline design case using the REST design methodology 1 is presented. As a design exercise, the aim was to reduce the thickness of the boundary layer at the centerline on the bodyside of the inlet. In subsequent sections, an exploratory design stage is conducted by morphing the inlet geometry to effect a reduction on the boundary layer thickness. A step-by-step approach to the design iterations -changing a single geometry aspect per iteration -is presented. The motivation is to give insights about which geometry modifications will yield the greatest change in the metric of interest.
A practical inlet design should be operational over a range of Mach numbers. For this reason, each Mach 8 design case was simulated for off-design inflows corresponding to flight Mach numbers of 5, 6, and 7, all at a dynamic pressure of 48 kPa. The inlet entrance conditions corresponding to these flight Mach numbers are given in Table 1 . The off-design performance is obtained with minimal extra work.
Classic REST design: baseline case
As a starting point for the design, an inlet geometry was produced using the classic REST design method. The underlying compression field used for the streamline-tracing was based on truncating a Busemann diffuser. 11 The total geometric contraction ratio of the truncated Busemann diffuser was approximately 7.3. When considering inviscid flow through this diffuser at the M 1 = 6.64 on-design condition, the compression ratio was 20.5. This was considered close enough to the target compression ratio of 20.6 and was deemed a useful compression field for the inlet design.
For this design exercise, we chose to focus on REST inlets with a 'slender' aspect ratio (w/h < 1). The choice of slender inlets was motivated by a Modern Design of Experiments study undertaken by Ferlemann and Gollan 2 which showed a general trend for better inlet performance at narrower aspect ratios. The capture shape used in the baseline case had an aspect ratio of 0.667 and is shown in Figure 3 . Smart 1 provides details about how the distinctive capture shape for these inlets was formulated. A small blunt leading edge and approximately 25 cm of length were added to the front of the classic design inlet to develop some boundary layer thickness prior to the initial inlet compression. Figure 4 , contours of Mach number are displayed: the top image shows the contours along the symmetry plane of the inlet; the bottom image shows again the contours along the symmetry plane along with cuts at four longitudinal locations (sidewall end, notch, throat and isolator exit). The Mach number contours show that the shock-on-lip design intent is achieved in this inlet. It may also be noted that a small region of separation occurs on the bodyside, just upstream of the throat. The onset of separation is difficult to predict with simple methods utilized during the design stage. This gives further motivation to using high-fidelity tools early so that the designer can quickly identify potential problems at the beginning of the design process. The pressure distribution along the inlet surface is shown in Figure 5 . A number of inlet metrics are given in Table 2 . The results for this baseline case are listed under Case 1. No single performance metric provides the designer with a sufficient amount of information for assessment. Integrated and local metrics are useful. Selected integrated metrics include: total drag (including external cowl), throat stream thrust per unit mass capture (F/ṁ), total pressure recovery, and boundary layer area ratio -the ratio of the throat area consumed by the boundary layer compared to the total throat area (boundary layer edge is defined where 99.5% of free stream total enthalpy is recovered). Selected local metrics included wall shear stress around the perimeter (minimum, average, maximum) and boundary layer thickness at the body centerline. The wall shear stress was computed since it can be used in correlations for estimating back-pressure capability. The boundary layer thicknesses at the body centerline were selected, as opposed to some other location on the perimeter, because that tends to be the location of greatest thickness or 'weakest' boundary layer flow. All integrated values across an area used a flux-conserved technique.
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The one-dimensional pressure at the throat was computed as 67.2 kPa. This was close enough to the target value of 64 kPa that no further iteration was deemed necessary. Of particular note is the value for boundary layer thickness on the body centerline, δ = 15.0 mm. The objective was to reduce this value in subsequent design iterations.
Contour plots of Mach number for free stream Mach numbers of 7, 6, and 5 are shown in Figures 6,  7 , and 8 respectively. The Mach 5 and 6 simulations indicate additional flow separation in the isolator along the body centerline even with no combustor back-pressure. The inlet metrics for the off-design Mach numbers are given Tables 3, 4 and 5. Some general trends are noted as the Mach number decreases: the mass capture remains nearly constant; F/ṁ decreases; total pressure recovery increases; minimum wall shear stress decreases; the boundary layer area ratio, A δ /A c , increases; and the boundary layer thickness, δ, increases, which indicates greater adverse viscous effects at off-design Mach numbers. The design intent for Case 2 only considered geometry changes up to the end of the sidewall. 
Exploratory design iterations
In the first stage of the study, some intuitive shape changes were made and the performance was assessed via a full Navier-Stokes CFD calculation. The idea was to manually improve the inlet flow by making progressive changes to the geometry beginning from the inlet capture and working downstream towards the throat. The nature of supersonic flow in the inlet meant that any desirable changes made upstream should not be affected by later geometry changes downstream. The following paragraphs describe the intuition that was used to drive the geometry changes. The nomenclature related to the specific geometry changes may be found by referring to Figure 2 . Certain aspects of the parametrized geometry are tightly coupled and so minor adjustments were required in some of the other controlling curves in order to construct a well-formed surface. Only the major geometry changes are reported here.
Changes from Case 1 to Case 2
One common aspect of the inlet geometry based on the classic design method is that the sidewall compression begins earlier than the bodyside compression. This contributes to the boundary layer build-up toward the centerline of the bodyside. Thus, the first line of thinking was to begin the bodyside compression earlier in an attempt to somewhat equalize the sidewall compression. There were two primary geometry changes made to help achieve the equalized compression: (1) the curve controlling the bodyside centerline was moved forward, so as to begin compressing the flow sooner, and (2) the corner line where the body meets the sidewall was pulled out, so as to reduce the aggressiveness of the corner compression. Figure 9 depicts the changes in geometry between the baseline case and Case 2 -the labels correspond to the changes discussed in the text. Most of the changes are subtle. The most distinct change is visible in the corner at the location where the sidewall ends: the new surface has been pulled out with respect to the original surface. The objective of Case 2 was to reduce the boundary layer thickness only so far as the end of the sidewall (where the internal cowl begins). This was achieved: in Case 1, the boundary layer thickness on the body centerline at the location where the sidewall ends is 14.0 mm, in Case 2, 11.4 mm. Note that the Case 2 results have been omitted from the tables of results because it is unfair to compare the results at the throat when the focus was the end of the sidewall for this first iteration. The contours of Mach number for this case at the on-design condition are shown in Figure 10 .
Changes from Case 2 to Case 3
In keeping with the thinking of trying to equalize the compression amongst the surfaces, in this iteration an attempt was made to reduce the amount of sidewall compression (as opposed to increasing the compression on the bodyside surface as in the previous case). To explore this idea, the aspect ratio of the throat was increased from 0.667 (which gives an ellipse which is taller than it is wide) to 1.0 (a circle). This is labelled as (1) in Figure 11 . The other primary change in this iteration was to cant the throat and isolator back in line with the waterline (label (2) in Figure 11 ). In scramjet engine designs which make use of a REST inlet, it is common to take a 'turn' somewhere in the engine in order to align the thrust with the vehicle direction. However, it is unclear where best to place that turn: it would require a study of a vehicle-integrated REST-based engine to properly determine the best place. It is also likely that the best place is dependent upon larger vehicle configuration choices and the mission profile. In any case, the benefit or otherwise of placing the turn at the throat was investigated; the parametrized geometry allows that change to be easily made. A comparison of geometry changes between Case 2 and Case 3 is shown in Figure 11 . Contours of Mach number at M 0 = 8 are shown in Figure 12 , which can be compared to the baseline case in Figure 4 . The corresponding performance metrics are listed in Table 2 . Compared to the baseline case, the total drag, F/ṁ, and total pressure recovery have improved; while the minimum shear stress, the boundary layer area ratio, and the boundary layer thickness have not improved. The same trend held at each of the off-design Mach numbers (Tables 3-5) . Although not tabulated, it is interesting to note, based on the core Mach number at the end of the isolator, that the baseline case exhibits greater losses through the isolator than Case 3. Therefore, canting the isolator back parallel to the vehicle waterline is a viable option. 
Changes from Case 3 to Case 4
Although the change to a circular throat did not further reduce the boundary layer thickness in the previous iteration, it was decided to continue the experiment with aspect ratio in Case 4 by increasing the value to 1.75. In effect, this changes the orientation of the ellipse at the throat from the original design (denoted with label (1) in Figure 13 ). The other major geometry change in this iteration was the introduction of a bump along the bodyside centerline, shown with label (2) in Figure 13 . The bump was added to explore the idea of pushing the boundary layer away from the bodyside centerline. As in previous cases, a number of small adjustments were required in other controlling curves to accommodate the primary geometry changes. Figure 13 shows the changes in geometry between Cases 3 and 4.
Contours of Mach number at the on-design condition are shown in Figure 14 and performance metrics are given in Table 2 . In this case there is a modest reduction in boundary layer thickness, down to 11.8 mm, while most other metrics are comparable to previous cases. In comparison to the baseline case, the boundary layer thickness has been reduced by about 20% of its original value. Compared to Case 3, the total drag, F/ṁ and boundary layer thickness have improved; while total pressure recovery and minimum shear stress have not improved. This is viewed as a pleasing result: we have demonstrated that it is possible to make design modifications within our system and positively influence a certain metric of performance.
Step-by-step design iterations
In the second part of the study, we took the lessons learned about the effect of geometry changes in the first part and applied the changes systematically, one change at a time. The hope was to identify which shape changes were the biggest drivers in terms of influencing the boundary layer growth on the bodyside surface. The individual changes were applied in sequence to the baseline inlet geometry and the flow field was analyzed; the subsequent sections present these changes and the results. 
Changes from Case 1 to Case 5
The swept leading edges of a REST inlet have a distinctive shape which comes from starting the edges at the intersection of the capture shape and the conical shock front which is part of the underlying axisymmetric compression field used for streamline tracing. The specific shape of the leading edges is considered important to correctly generate the primary shock structure of the underlying compression field. It is interesting then, in the first design iteration, to change the sidewall leading edge to a straight line, which would reduce manufacturing complexity, and assess the effect on the flow field. In this first iteration, this is strictly the only change that has been made to the inlet shape: the curved sidewall leading edge has been replaced with a straight line.
The inlet performance metrics for Case 5 are listed in Table 2 . In general, the straightened sidewall has had little effect on the global metrics. The most noticeable local changes are to the shear stress distributions at the throat. The large influence locally is likely due to small variations in the shock location. In comparing the flow field shown in Figure 4 for Case 1 to that shown in Figure 15 for Case 5, it is difficult to discern much change in bulk flow features. The boundary layer thickness on the body centerline was reduced to 13.6 mm from 15.0 mm in Case 1. 
Changes from Case 5 to Case 6
In the second design change, the body centerline was moved forward by about 7% of its original total length. This has the effect of lengthening the entire bodyside surface and begins the bodyside compression earlier than in the baseline case. Each design iteration includes the changes from the previous iteration. So, in this case, the straightened sidewall still remains.
The results of the flow field analysis for Case 6 are shown in Table 2 and a visualization of the Mach number contours are displayed in Figure 16 . Again, most of the metrics for inlet performance are comparable with those from the previous iterations. Interestingly, the boundary layer thickness, δ, has actually increased slightly to 13.9 mm compared to the previous iteration where δ = 13.6 mm. This suggests that moving the location where the bodyside compression begins by a moderate amount has little influence on the development of the bodyside boundary layer when not combined with a modified body-sidewall corner line, as had been done for Case 2.
Changes from Case 6 to Case 7
A bump was introduced on the bodyside surface as the geometry change between Case 6 and Case 7. The reasoning behind the change was to push the boundary layer build-up away from the center and towards the sides. Although an attempt was made to make only single geometry changes per iteration, it was necessary in this case to adjust two of the controlling ribs in order to make the change. The cowl leading edge rib and the notch rib were altered.
The metrics for the Case 7 inlet are recorded in Table 2 . Figure 17 shows the flow field for this case. Most of the values for the inlet metrics are comparable to previous iterations. However, the boundary layer thickness, δ, has again increased from the previous iteration to a value of 18.3 mm. This is a larger value than the baseline case. In this geometry, the bump begins at the forward turn on the bodyside wall but is blended away into the throat ellipse shape. The bump has disappeared from the bodyside surface by the time the throat is reached. It seems that initially the boundary layer growth is delayed by the bump. However, when the bump is later blended away, the boundary layer buildup migrates back towards the centerline, and in such a way as to actually increase the thickness along the centerline at the throat. Along with the increase of the boundary layer thickness, the boundary layer area ratio has also increased significantly. This increase suggests that rather than just a migration of boundary layer from some other location on the perimeter to the centerline, there has been an overall increase in boundary layer thickness.
Changes from Case 7 to Case 8
In Case 8, the orientation of the ellipse switched directions, as had been done in the exploratory design stage. In this case, the aspect ratio was changed from 0.681 to 1.75. The rib at the corner of the cowl leading edge was also adjusted to accommodate the change in ellipse orientation. However, the lower half of the notch rib was not altered as in Case 4, which was done to produce less compression at the notch and a flatter internal cowl. Table 2 contains the post-processed results from the flow field analysis for Case 8. In this case, there has been a significant degradation in the total pressure recovery. The boundary layer thickness on the body centerline has been reduced significantly in this iteration: δ = 12.6 mm. This is in contrast to the previous iteration (Case 7) where δ = 18.3 mm. In both cases, the inlet had a bump. Therefore, the reduction in boundary layer buildup is largely due to the change in orientation of the ellipse. This stands to reason as this configuration has more aggressive compression on the bodyside surface, and the sidewalls give comparatively less compression. This relieves the build-up of boundary layer on the inlet centerline. The contours of Mach number for this case are shown in Figure 18 .
Discussion
In summarizing the results from all of the on-design cases, there are three main points that can be made. Firstly, it is possible to positively influence a certain inlet metric -in this case, boundary layer thickness on the bodyside centerline -by changes to the parametrized inlet geometry as part of the design toolset. In the best case, the boundary layer thickness was reduced from from 15.0 mm in Case 1 to 11.8 mm in Case 4; a reduction of about 20%. When re-performing the design iterations in a step-by-step manner, the use of an ellipse with its major axis aligned in the spanwise direction (aspect ratio greater than 1.0) had the largest influence on reducing the boundary layer thickness. This shape change allowed greater bodyside compression while simultaneously reducing the amount of sidewall compression.
Secondly, the integrated performance metrics remained largely unchanged across all iterations, that is, the values were not influenced significantly by local geometry changes. In particular, the boundary layer area ratio, A δ /A c , only varied by about 15% between its smallest and largest values. This suggests that although the boundary layer thickness on the body centerline was reduced in some cases, the portion of low momentum boundary layer flow was pushed to other parts of the surface. The fact that the performance metrics were relatively constant may be viewed in a positive light. It shows that if one has a good baseline design, then it is possible to make considerable changes to the geometry to accommodate vehicle design constraints without adversely affecting the inlet performance. On the other hand, this result suggests that a poor baseline design would not be a good candidate with which to begin a formal optimization process because local geometry changes do not seem to have large effects on global measures of performance.
Thirdly, this study has demonstrated the hazards of attempting to improve a single local viscous performance metric. To date, no geometry modification of the baseline design has simultaneously improved all performance metrics. In particular, another local viscous performance metric, τ min , was the best (highest) for the baseline design. Rather than attempt to use correlations for isolator back-pressure capability, it is recommended that the effects of high combustor pressures be included in the computational modelling during the inlet design. The eventual optimization function should then include several performance metrics.
The trends in the perfomance metrics between iterations for the on-design cases are generally observed to be the same for the off-design cases. For example, when there was a reduction of boundary layer thickness at the on-design Mach number, there was a corresponding reduction of boundary layer thickness for the off-design cases. This is pleasing as it means that improvements made at the on-design Mach number did not adversely affect the off-design performance. 
IV. Conclusion
This paper reported on the development of a toolset to design and rapidly analyze REST-class hypersonic inlets. The REST inlets are represented by a parametrized geometry. The inlet designer makes changes to the parameters and is able to instantly view the resulting inlet geometry changes. The inlet geometry is output as a surface and then a structured volume grid is built for flow field analysis. The final step is to analyze the inlet flow with a Navier-Stokes CFD calculation. Presently, the rate-limiting step that involves human intervention is the need to alter the wireframe topology for generating a new structured grid between design iterations.
In the second part of the paper, the toolset was applied to the design of a REST inlet of about 1 m length for a M 0 = 8 cruise application. The challenge was to use the design tools to manually improve a certain inlet metric by morphing the inlet geometry and learning about the metric responses. In this case, the focus was on reducing the thickness of the boundary layer on the bodyside centerline. The design exercise was attempted in two stages: (1) an exploratory stage, and (2) a step-by-step stage. In the exploratory stage, the designers made various intuitive changes to the inlet geometry and assessed the effects of those changes in terms of the flow field properties. A successful outcome of this stage was that the boundary layer thickness was reduced by about 20% of its original value and significantly reduced total drag. In the second stage, the lessons learned about geometry changes in the first stage were used to step through the single geometry changes, iteration by iteration. By using this approach, the hope was to identify those geometry changes with the largest influence on reducing the boundary layer buildup on the bodyside surface. It was found that changing the orientation of the ellipse so as to give greater bodyside compression and less sidewall compression had the largest influence on reducing the bodyside boundary layer thickness.
As a final note, the moderate geometry changes made for design iterations 3-7 did not produce large changes in the integrated metrics of the inlet. In other words, the morphing of the inlet produced local changes in features but did not favorably or adversely affect the integrated inlet performance. This may be viewed in a positive light: it is possible to make local changes to a REST inlet geometry to suit design constraints without significantly changing its global performance metrics.
